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This report summarizes the midterm status of a contract to ex- 
perimentally evaluate the real- time degradation characteristics 
of lithium-diffused silicon solar cells. A strontium-90 (Sr-90) 
radioisotope is used for simulation of a typical earth orbital 
electron environment, both from spectral and flux rate viewpoints. 
The experience is performed in an ion pump vacuum chamber 
with samples maintained at  specified temperatures. Samples a re  
illuminated during a six-month exposure run with solar cell I-V 
characteristics measured in situ. The solar cell samples were 
chosen on the basis of results gained from previous lithium cell 
development programs. This report describes the design of the 
experimental equipment and the sample matrix. Experimental 
results will be published in the final report. 
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FOREWORD 
This report contains information prepared by Philco-Ford 
Corporation under JPL Contract 952585. Its content is not 
necessarily endorsed by the Jet Propulsion Laboratory, 
California Institute of Technology, or the National Aero- 
nautics and Space Administration. 
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SUMMARY 
This report summarizes the midterm status of a contract to experimentally 
evaluate the real-time degradation of lithium-diffused silicon solar cells. Lithium 
solar cells have the unique property of spontaneously recovering from radiation 
damage and are  therefore of potential value to future spacecraft efforts. The 
temporal performance characteristics of lithium cells a re  intrinsically dependent 
upon the rate at  which damage is introduced, and hence, i t  can be hypothesized that 
accelerated degradation experiments may be of questionable value. This program 
wil l  experimentally evaluate lithium cells by exposing samples to low-rate irradi- 
ation simulating typical earth orbit conditions as  well as  to accelerator irradiation. 
The program thus provides a comparison of cell degradation as  caused by the two 
extremes of irradiation rate. 
The program essentially consists of three phases: design and fabrication of 
experimental equipment, a six-month exposure run, and a brief period of analysis 
followed by preparation of the final report. This report covers the period up to 
the beginning of the environmental exposure and describes the design and rationale 
of the sample matrix and of the experimental equipment. 
The samples, consisting of seven basic types of lithium cells from two manu- 
facturers, a r e  to be compared with each other and with three types of conventional 
N-on-P solar cells. Sample temperatures range from -50" to +80°C.  Additional 
samples will be irradiated with monoenergetic (1 MeV) electrons using a Van de 
Graaff accelerator for the purpose of comparison with the results of the low-rate 
(radioisotope) irradiation. Such a comparison will produce increased confidence 
in various methods used to observe the actual degradatiodrecovery characteristics 
of lithium cells and will provide guidance for future lithium cell evaluation programs. 
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The six-month exposure is performed in a vacuum chamber employing a vac ion 
pumping system. All  cells (with the exception of one group) will be illuminated 
and loaded during the exposure. Periodic performance measurements will  be 
made with the cells in the chamber using a Spectrolab X-25 Mark I1 solar simula- 
tor. 
Since the exposure run has just been initiated, the conclusions and recommenda- 
tions thus far made relate exclusively to test philosophy and equipment design. 
The final report will emphasize test results, data analysis, and conclusions 
regarding cell performance. It is felt that these results will exert a strong 
influence in determining the emphasis of future lithium cell development and test 
programs. 
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SECTION 1 
INTRODUCTION 
Silicon solar cells diffused with lithium have the unique property of spontaneously 
recovering from radiation-induced damage. This recovery phenomenon primarily 
depends on temperature and the amount of lithium in the material. Furthermore, 
the rate of recovery is independent of the damage rate.2 
with lithium cells typically involve the use of a Van de Graaff accelerator (at flux 
rates as much as five orders of magnitude higher than those expected in space) 
and a post-irradiation period of observation of the annealing phenomena. The 
results of such experiments are subject to much interpretation and skepticism 
because the attendant lithium atom availability is not the same a s  it would be with 
a slower damage introduction rate. Because of these limitations, it  is desirable 
to conduct an experimental program to irradiate lithium cells at the same rate a s  
expected in a typical space environment so that a direct observation of net damage 
can be obtained. 
Irradiation experiments3, 
Several years ago, i t  was observed that Sr-90 possessed spectral characteristics 
that closely approximated the trapped electron spectrum in earth orbital situations. 
Furthermore, the electron flux rate emitted by Sr-90 was such that small amounts 
of the isotope could be conveniently used to irradiate a fairly large sample area at 
typical earth-orbit average rates. Early experiments used Sr-90 to evaluate 
the thermal/optical properties of spacecraft thermal control materials, optical 
surfaces, and conventional solar cell/cover composites. Sr-90 therefore 
appeared attractive for the irradiation of lithium solar cells at real-time rates 
so that time-dependent uncertainties were eliminated. Sr-90 also produces a 
realistic spectrum of electrons which could conceivably yield results different 
from those obtained with a monoenergetic (accelerator) source of electrons. 
5 
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NASAps Goddard Space Flight Center sponsored two programs in 1967-68 for the 
Sr-90 irradiation of lithium solar cells. These programs,% 7 performed by Philco- 
Ford and Lockheed-Georgia, provided the first  real-time degradation data for lithium 
cells as well as the first  direct comparison of different lithium cell types. While 
many qualitative conclusions8 were reached a s  a result of these programs, the data 
produced were less than desirable for several reasons. Sample characteristics 
(manufacturing processes, materials, etc. ) were not adequately defined or 
recorded. For the most part, only one sample of each cell type was irradiated at  
each temperature. Diffusion pump vacuum systems were used with the attendant 
uncertainty of contamination effects. Solar cell aharacteristics measurements were 
made primarily with tungsten light sources employing questionable calibration 
techniques . 
The program described in this report has the general objective of updating knowl- 
edge of lithium cell degradation characteristics with a substantial improvement of 
experimental technique over those of previous efforts. Specifically, the objectives 
of the program are: 
a. Evaluate lithium cells, which represent the most recent state of 
development of such cells. 
be Expose these cells to a six-month period of Sr-90 irradiation in 
a combined vacuum-temperature-illumination environment. 
c. Simulate typical earth orbital average flux rate and electron 
spectrum irradiation. 
d. Irradiate cells over a range of typical operating temperatures. 
e. U s e  high quality solar simulator for all cell measurements. 
1-2 
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f .  Use ion pump vacuum system for the environmental chamber. 
g. Study equivalence of 1-MeV accelerator data to real-time data. 
The program being performed by Philco-Ford has recently reached the state of 
initiating the six-month irradiation run. The objective of this report is to document 
the background of such experimentation, the rationale used in designing the sample 
matrix, and the design of the experimental equipment to be used. This report 
also describes the current status of the program and the planned procedure of 
running the experiment and reducing the data. This report is largely descriptive; 
the final report wil l  concentrate on results and subsequent interpretations and 
conclusions. 
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SECTION 2 
EXPERIMENTAL APPROACH 
2.1 DETAILED REQUIREMENTS 
Several detailed requirements have been established for the program, based upon 
the previously mentioned objectives. Other requirements a re  specifically mentioned 
in JPL Contract 952585 or a re  self-imposed on the basis of experience. These 
detailed program requirements a r e  listed below: 
a. 
b. 
C. 
d. 
e. 
f. 
Use a Philco-Ford-owned vacuum chamber and pumping system, appro- 
priately modified to meet all requirements. (Similarly, use a Philco- 
Ford-owned radioisotope source. ) 
Irradiate approximately 100 solar cells in the environmental chamber and 
20 in the 1-MeV irradiation. (Irradiate four cells of each type under each 
set of test conditions. ) 
Maintain uniform electron flux and illumination within typical standards 
of acceptance (f 20% for electron flux, f 5% for illumination for 1 x 2 cm 
cell) and a t  levels comparable to earth orbital conditions. 
Use solar simulator for all cell measurements. (All measurements a re  
- in m.) 
Design and use data acquisition system to increase data collection. 
Subject the final data to typical statistical analyses. Investigate the 
meaning of "1-MeV equivalence" a s  applied to lithium cells. 
2-1 
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g, Maintain cell temperatures a t  -50°, 20°, 50°, and 8OOC. (These represent 
a typical range of operating temperatues, i, e. +20° to +80°C, and a 
temperature where lithium atom mobility is extremely low, i. e. -5OOC.) 
h. Illuminate all cells (with the exception of one group) during the exposure 
and load them to a point near the maximum power point. (One group 
will be kept shaded during the irradiation and will be left in the open- 
circuit condition. ) 
The aforementioned requirements were used as constraints or  goals in arriving 
at the configuration of the experimental equipment. In effect, they constituted a 
challenge in terms of designing a chamber and facility which best met all require- 
ments with a minimum amount of compromise. 
2.2 SAMPLE M A T E  
Prior to contract award, it was assumed that the program should evaluate only 
those types of lithium cells that would be most immediately suitable for spacecraft 
use. Thus, only cells developed by the two commercial solar cell suppliers, 
Centralab and Heliotek were considered. Both companies were briefed on the 
intent of this program and were asked to recommend lithium cell types for such 
an evaluation. Based partly upon their recommendations and partly upon other 
expressed desires, the basic comparisons to be performed in the program are  
presented in Table 2-1. The tradeoffs considered in formulating these comparisons 
were: number of cells per typeo number of cell types, number of temperatures, 
and available sample area within the chamber. 
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BARE LITHIUMCELLS 
CRUCIBLE LITHIUM CELLS 
U S W W  
46020.0 
BORON DIFFUSION NO. 1 
(FLOAT LONE) 
TABLE 2-1 
SAMPLE COMPARISONS 
BARE NIP CELLS AT +20% 
FLOAT ZONE LITHIUM CELLS 
U&90-120 -50. +M 
560-90- 60 +50. *eoDc 
2 BORON DIFFUSIONS 
BORON DIFFUSION NO. 2 40. +M. 
(FLOAT ZONE) +soot 
I COMPARISON I TEMP 
BARE LITHIUM CELLS 
~U5906Ol 
ILLUMINATED AND LOADED 
LITHIUM CELLS 
+2oDc INTEGRAL COVERED LITHIUM CELLS (-*mi 
+* OARKANDUNLOADED LITHIUM CELLS 
LOW RATE WECTRAL SOURCE 
EL/CM2/DAV 
I .so. +M, HELIOTEK LITHIUM CELLS CRUCIBLE CRUCIBLE FLOAT ZONE CENTRALAB LITHIUM CELLS l -  FLOAT ZONE I 
I +- HIGH RATE MONOENERGETIC SOURCE -2 1017 EIWVMV 
A direct comparison of lithium and N-on-P cells is made primarily at +20°C.  
Additional comparative data will be obtained at  -50" and + 80°C. The comparison 
between lithium cells made from crucible-grown silicon and those made from float 
zone refined silicon is fundamental to the program and is therefore made at  all 
four sample temperatures. 
At  the time that the sample matrix was  established, it was thought that appreciable 
differences in embrittlement characteristics would be observed in cells with 
junctions formed from a BBr3 diffusion as compared to BC13. It was  subsequently 
discovered that little or no observable difference could be detected in the two types 
2-3 
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of cells. 
a re  variations of the bask  BC1 process normally used for P-on-N cell manu- 
facture. The difference between the two types is in terms of boron 9ack-onrf time. 
Thus, the two types of boron diffusion represented in this experiment 
3 
Another comparison involves bare versus covered lithium cells. It was  thought that 
surface characteristics might be of importance in lithium cell performance degrada- 
tion. lo A direct comparison has thus been provided to permit an observation of 
any gross differences due to covering the cells. 
The effect of depletion layer width upon observable damage in lithium cells was con- 
sidered potentially important in early studies of lithium cell characteristics. It 
was  felt that radiation damage (as measured in terms of power degradation) would 
be different if a cell were biased than if it  were not biased. To date, no observable 
difference has been noted in at least one study. This program attempts to demon- 
strate the effect (if any) of biasing on solar cell damage. The advantages offered by 
this program are primarily those of better sample size statistics and the employ- 
ment of improved experimental techniques. 
It should be of interest to note any apparent difference between lithium cells made by 
each of the two commercial solar cell manufacturers. It is possible that differences 
in the manufacturing process could conceivably contribute to a different net rate of 
damage. For this reason, comparable cells from both suppliers are included in 
this experiment. 
Degradation data will  be obtained for cells from the same batches being irradiated 
in the chamber (with the low-rate Sr-90 irradiation),using a 1-MeV electron Van 
de Graaff accelerator, It will thus be possible to observe the relationship between 
damage caused by the two sources. An analysis of 1-MeV equivalence will be 
performed in attempt to demonstrate the value of 1-MeV electron irradiations of 
2-4 
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The selected sample matrix is presented in Table 2-2. While it was  impossible 
to completely fill the matrix because of chamber limitations, a substantial amount 
of comparative data for a large number of cell types wil l  be obtained over a variety 
of test conditions. In the final sample configuration, 128 cells wil l  be irradiated 
in the chamber and 36 with the 1-MeV accelerator. These numbers a re  signifi- 
cantly higher than required by the original contract matrix. Current 10-ohm-cm 
N-on-P cells from both manufacturers are included, as are 1964 N-on-P cells 
from a batch used in earlier irradiation programs. It will  thus be possible to relate 
the results of this experiment with those of earlier definitive efforts. 
TABLE 2-2 
SAMPLE MATRIX 
CHARACTERISTIC! I PIPE I'l/lYa* 
BORON NO. 1 
I ;y 1 CURRENT 
CURRENT 
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2.3 STATISTICAL ANALYSIS O F  EXPERIMENT 
2.3.1 Experiment Planning 
The planning of a comparative experiment falls into several almost distinct parts, 
dealing with : 
a. Choice of treatments to be compared (types of lithium cells, 
temperature conditions, illumination conditions) 
b. Choice of observations to be made (schedule of data acquisition 
runs) 
c. Choice of the experimental samples (from their parent population) 
d. Method of assigning treatments to experimental units (should be 
random) 
e. How many units should be used. 
The object of this experiment planning is to be able to separate differences between 
treatments from the uncontrolled variation assumed to be present. This is, of 
course, only the first step towards understanding the phenomena being investigated. 
Items a. and b. mentioned above were decided by mutual agreement between JPL 
and Philco-Ford during the early part of the program. Item c. was, in effect, 
delegated to the two cell manufacturers. Item de was  done through random selec- 
tion and assignment. Item e. wil l  be discussed later as a separate subject. 
2.3.2 Experiment Requirements 
Once the treatments, experimental units, and the nature of the observations a re  
fixed, the main requirements for a good experiment are: 
2-6 
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a. 
be 
C. 
d. 
e. 
Treatment comparisons should be, as much a s  possible, free 
from systematic error. 
Measurements should be sufficiently precise, o r  that random 
er rors  of estimation be suitable small. 
Conclusions should have a wide range of validity, permitting 
greater confidence in their extrapolation. 
Experiment should be a s  simple as possible, both in design 
and projected analysis. 
Uncertainty in the conclusions should be assessable, without 
making a r  tifical assumptions. 
Systematic error  is avoidable primarily through careful design of the experimental 
equipment and by taking comparative data under identical, simultaneous (if possible) 
conditions. This is accomplished by simultaneous irradiation of the samples; by 
illumination of all samples with a single large area, stable light source; and by 
the judicious use of a stable solar cell standard. Systematic measurement errors  
are eliminated by t h e  adequate design of the data acquisition system and by pro- 
viding several methods of checking calibration against high-quality standards. 
The range of validity of the conclusions depends largely on the range of sample 
types (types of lithium cell) and the range of exposure temperatures. These ranges 
a re  sufficiently broad that unnecessary extrapolation of conclusions is eliminated. 
Simplicity of the experiment has been stressed since i ts  conception. The use of a 
single isotope source and single light source for measurements contributes to 
this simplicity. The philosophy of simplicity dominated the design o€ the data 
acquisition system and has been thoroughly ingrained in the data reduction and 
analysis approaches. 
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The uncertainty attendant to the conclusions to be reached in this program will be 
assessable within the limitations inherent to the lithium cell program in general. 
The reproducibility of lithium cells in general has not been demonstrated in large 
quantitites. The adequacy of sample selection methods employed by the cell manu- 
facturers is somewhat dif€icult to assess. Within these limitations, i t  is possible 
to draw certain conclusions of the comparative and absolute merits of the different 
cell types under certain conditions. The uncertainty of these conclusions wil l  be 
sufficiently small so as to permit certain important decisions to be made relative 
to the lithium cell development program. 
2.3 .3  Emerimental Uncertaintv 
The experimental uncertainty of current measurements is a function of the un- 
certainties of light intensity, cell temperature, and instrument error. This has 
been calculated to be f 1.4%. When an x-y recorder is used for current readings, 
the overall uncertainty increases to * 1.7%. For this reason, short-circuit current 
readings will  be read directly from the precision millimeter, as well as being 
recorded in the form of an I-V curve. 
Power output is calculated based on the simultaneous readings of current and 
voltage on the I-V curve. An error  propagation analysis of this parameter yields 
an uncertainty of f 2.3%. Temperature control and measurement introduce a 
large uncertainty into the voltage portion of this calculation. Temperature control 
is therefore carefully designed. Temperature measurement is accomplished using 
a multipoint recorder with frequenct calibrations using a thermocouple potentiometer. 
2 . 3 . 4  Determination of Sample Size 
The statistical analysis of the sample size is functionally related to the experimental 
objectives. The confidence limits are substantially different for the absolute 
value of a particular pmameter than for relative parametric variation. The 
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confidence limits as a function of sample size for measurements at each condition 
are  determined from an analysis of variance. When experimental data a re  analyzed 
for relative parametric variation, the experimenter is confronted with a regression 
and correlation problem and the establishment of corresponding sample size re- 
quirements for specified confidence limits. 
Determination of sample size is directly related to the confidence limit imposed 
upon the experimenter. One method which can substantiate sample size selection 
is to estimate the population mean from a sample of size Ne The confidence- 
interval estimate for the population mean 1.1 for a sample of N observations is 1.1 = 
%+ k s / G  , where the value of k is obtained from the Student's t Table corre- 
sponding to the degrees of freedom for s and the degree of confidence desired for 
the selected interval. The analysis of variance computations include an estimate 
of the population variance as the residual mean square or the within-groups mean 
square. This estimate is then used to compute confidence interval estimates for 
the mean for the sample group. This allows an evaluation of the adequacy of the 
selected sample size. 
Lithium-doped solar cell data from the previous contractual program (Reference 8) 
have been examined for the purpose of performing an analysis of variance. Be- 
cause of predetermined constraints on chamber size and desired variations of 
cell type a s  indicated in the sample matrix, the sample size w a s  fixed at  four 
throughout these calculations. For small sample sizes, the variance of the sample 
may be considered approximately constant allowing an evaluation of the effect of 
increasing sample size. Thus, for 90% confidence limits, Table 2-3 shows the 
uncertainty expected for sample sizes from 3 to 6. 
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TABLE 2-3 
UNCERTAINTY AS A FUNCTION O F  SAMPLE SIZE 
(90% CONFIDENCE LIMITS) 
Uncertainty in Relative 
Maximum Power 
Degradation 
rt0.071 
rt0.050 
zk0. 040 
zk0. 035 
Uncertainty in Relative 
Short- Circuit Current 
Degradation 
rtO* 0040 
rto. 0029 
rto. 0022 
rto. 0019 
Note that the statistics are subject to great interpretation for small sample sizes; 
however, the above analysis does indicate the expected uncertainties for the 90% 
confidence interval and serves as justification for the experimental plan. 
The final choice of sample size is influenced not only by the above analysis, but 
also physical limitations and the number of populations to be evaluated. The tradeoff 
must evaluate the advantages gained from increased sample size a s  compared to 
the simultaneous irradiation of solar cell types. Within the physical limitations, 
sample sizes of 4 or 5 appear to offer data uncertainties which a re  commensurate 
with the experimental objectives. 
2.4 ISOTOPE CHARACTERISTICS 
Sr-90 was selected for simulation of the trapped electron environment because the 
smoothed composite spectrum of Sr-90 and i ts  daughter, Y-90, closely approxi- 
mates the spectrum of the trapped electron belt to approximately 2 MeV. Thus, 
Sr-90 serves as a close approximation to the natural environment at  those altitudes 
where the electron species a re  dominant in terms of producing solar cell damage. 
This tends to be valid for most orbital altitudes with the exception of those from 
approximately 1500 to 3000 nautical miles where the trapped high-energy proton 
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belt is more effective in producing cell damage than are  trapped electrons. Even 
in this region, proton damage can be equated to 1-MeV electron damage, and the 
net damage can be hypothetically attributed entirely to electrons with a spectrum 
which is also similar to the Sr-90/Y-90 spectrum. The radioisotope spectrum is 
shown in comparison with the 18,000 mi trapped electron spectrum in Figure 
2-1. Curves for other orbital altitudes have an equivalent degree of similarity. 
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Figure 2-1 Isotope Characteristics 
The curve in the right portion of Figure 2-1 indicates the anticipated range of 
electron f lux  rates as a function of orbital altitude. Measured data a re  shown 
for a period of relative solar quiet (1964) and calculated for a period of relatively 
high solar activity (1968). The increase in electron flux rate in the 6, OOO-to-  
12,000 nmi range during the 1968 period is due to a compression of the trapped 
electron belt at these altitudes because of the influence of higher solar activity 
on the fringes of the earth's magnetosphere. The peak 1500 to 1800 nmi is 
primarily due to the artificial electron belt formed as a result of the Starfish 
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nuclear detonation in 1962. The magnitude of this peak is thought to be decaying 
exponentially back toward a natural trapped electron environment. 12 
The isotope source used for this experiment produces a spectrum which is equiva- 
lent to 10-12electrons/cm /day in terms of 1-MeV electron damage to conventional 
N-on-P solar cells. This level of activity was chosen because i t  represents an 
upper bound on typical earth orbit damage rates. This rate results in a loss of 
approximately 20% of maximum power in one year, which is slightly higher than 
rates observed in synchronous orbit flight data. 
2 
13 
The SOmCe geometry w a s  selected a s  an optimum shape consistent with ease Of 
packaging and desired spectral characteristics. The isotope rod and canister a r e  
shown in Figure 2-2. The canister serves a s  a shielded container to house the 
isotope rod during storage and transportation. The canister is mated to the 
chamber for irradiation purposes, and the rod is then inserted into the chamber 
after the lead-filled door is opened. 
LEAD 
SHlE LDl NG \ 
ISOTOPE 
EXTENSION 
ROD 
r
DOOR 
ACTUATOR 
. FL .ANGE 
SOURCE , LEAD-FILLED MATERIAL 
Figure 2-2 Isotope Rod and Canister 
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The cylindrical container geometry provides acceptable uniformity of flux and 
spectrum over the sample area. A sample dipole calculation of monoenergetic 
flux emanating from a line source with the same geometry yields a difference of 
approximately 1.3% between the normal point and a point on the extreme edge 
of the sample area. 
Rather than considering line source calculations alone, it is necessary to examine 
spectral changes due to increased self-shielding at  sample angles other than 
normal. A calculation of the electron spectra at 0' (normal) and 60' (an extreme 
edge) was performed. This calculation indicates a substantial change between 
the incident spectra for the two positions. When these spectra a re  multiplied 
by the electron damage coefficient, a different in relative solar cell damage is 
obtained. This difference is approximately 3% for N-on-P cell short-circuit 
current. The actual difference between cell damage at  the two points will  be 
less than 3% because of the effects of scattering from the chamber walls and 
isotope container. In general, scattering has the effect of filling in or  smoothing 
the lower energy portion of any incident spectrum. 
Flux measurements using dosimetry techniques will be performed at the conclu- 
sion of the six-month run for determining the actual uniformity. 
2 . 5  EXPENMENT LAYOUT 
To meet the desired objectives and requirements, the environmental chamber 
was  configured a s  shown in Figure 2-3. It was determined that with a concentrated 
radioisotope source, a spherical sample arrangement was  desirable to minimize 
1/R effects. As  indicated above, monoenergetic electron uniformity (solar cell 
equivalent) over the sample area is calculated within f 2 percent. 
2 
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Figure 2-3 Chamber Design 
Of greater concern was the illumination of the solar cells with the solar simulator 
output. It was  decided that an acceptable compromise to normal illumination 
measurements was that of taking measurements at some angle of incidence fixed 
throughout the experiment. Thus, the sample blocks have incidence angles as 
high as 27" from the normal. Each sample block represents a given temperature 
conditions and all cells on that block are mounted on a plane surface. Comparative 
data can therefore be obtained with no corrections. Absolute data are obtained 
using a simple cosine correction back to the normal incidence condition. 
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2.6 MEASUREMENT PHILOSOPHY 
The basic philosophy of this experiment requires that all solar cells remain at  
their specified experimental temperature at  all times during the irradiation 
including during performance measurements. Room temperature data were taken 
upon receipt of the sample cells, as were temperature coefficient data over the 
range of 20°C to 40°C. All data a r e  taken in the form of current-voltage curves 
as recorded on an x-y plotter using extreme care in maintaining calibration and 
scaling accuracy. 
Data are to be taken at very short intervals (-8 hours) during the initial phases 
of the exposure and at increasingly longer intervals as the run progresses. The 
intent of this process is to obtain an adequate definition of the logarithmic 
degradation characteristics of the solar cells. Data will primarily be taken for 
the forward illuminated condition., Dark and illuminated characteristics, both 
forward and reverse, will be obtained at four points during the irradiation. 
The principal engineering parameters to be examined and compared as degrada- 
tion occurs a re  those of short-circuit current, open-circuit voltage, maximum 
power, voltage at maximum power, and curve power factor. It is felt that these 
parameters will best characterize the different cell types in terms of engineering 
parameters associated with typical spacecraft use. 
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SECTION 3 
EXPERIMENTAL EQUIPMENT 
3 .1  CHAMBER DESIGN 
The irradiation of the solar cells is conducted in an evacuated chamber. The 
selected chamber design is a stainless steel cylinder with a diameter of 14 inches 
and a length of 22 inches. The solar cells a re  attached to a plate providing closure 
to one end of the cylinder. A flanged window provides closure at the other end. 
The vacuum pumping system is located beneath the chamber and is attached to the 
lower side of the horizontally oriented cylinder. Two access ports a re  also 
located in the side of the cylinder, one being used for the insertion of the isotope 
and the other a spare. A photograph of the irradiation chamber and vacuum system 
enclosure is shown in Figure 3-1. 
The window permitting illumination of the solar cells is Corning 7940 fused silica 
(optical grade) and is 15 inches in diameter and 1-inch thick. The plane surfaces 
of the window were specified to be parallel within one minute of angle to minimize 
distortion of the solar simulator illumination. The window is mounted in a flange 
allowing a 13.5-inch-diameter clear opening. A Viton O-ring between the window 
and the chamber provides the vacuum sea€. The high-purity fused silica was 
specified so that color center formation and the resulting decrease in transmission 
a re  minimized. Corning 7940 silica is a proven material currently being used for 
most solar cell cover glass applications. Based upon various experimental 
efforts , 14' l5 no significant darkening of the window is expected to occur during 
the six-month exposure period, 
The solar cells are located at the end of the cylinder opposite the window. There 
are  six groups of cells, one group at each of the following test conditions: -5O"C, 
20°C dark, 20°C (two groups), 5OoC, and 80°C. The Z O O ,  50", and 80°C groups a re  
mounted on temperature control blocks using a water-cooled heat sink. The -50°C 
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block is attached to a liquid nitrogen (LN2) cooled heat sink. The surface of each 
block is at an angle such that the central cell on the block is normal to a line from 
the isotope center and eight inches from the isotope center. The cells a r e  conse- 
quently located at angles as high as 27' from normal to the illumination. This is 
well within the range of demonstrated cosine dependence. lG The water-cooled 
heat sink and the LN2-coo1ed heat sink are attached to the door of the chamber. 
The door seals the chamber using a Viton O-ring. 
Solar cell performance measurements a re  made with a four-wire system, neces- 
sitating two leads to be soldered to both the top and bottom of each cell. A small 
silver ribbon, 0.002-inch thick, 0.040-inch wide, and approximately 0.2-inch 
long, was soldered to the rear contact of each cell and two leads attached to the 
end of the ribbon. The lead wire was 32-gauge stranded Teflon insulated wire. 
An investigation verified that Teflon would be acceptable for this application. * 
Two leads were twisted together and soldered to the top contact of the cell. One 
of the two wires from the rear contacts on each cell (for each type, N-on-P or 
P-on-N) is connected to reduce the number of vacuum feedthroughs. The common 
leads and the three remaining leads from each cell a re  attached to electrical 
feedthrough connectors located on the rear door of the chamber. 
The cells were mounted to aluminum plates which were in turn attached to the 
temperature control blocks. Dow Corning Sylgard 184, typically used as a cover 
glass adhesive, was selected to adhere the cells to the plate. To assure adequate 
heat transfer, the adhesive was filled with zinc oxide to increase thermal con- 
ductance. A photograph viewed through the window showing the installed cells is 
presented in Figure 3-2. Also visible in this photograph is the residual gas 
analyzer probe extending from the side of the chamber. 
*As a result of a literature search, i t  was determined that the mechanical properties 
of Teflon became undesirably degraded in an oxygen-bearing environment. In a 
vacuum, the degree of degradation was small enough to be tolerable. When ir- 
radiated, Teflon outgases CF4(or Freon-14) which is considered stable, nontoxic, 
and noncorrosive. Background data to support these statements a re  included in 
References 17 and 18 which are typical examples. 
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A shade is attached to one of the 20"~blocks  to prevent cell illumination other 
than when performance is being measured. The shade is made of an aluminum 
frame hinged to the block. The frame is covered with 1-mil aluminized mylar, 
which permits the electron spectrum to pass through essentially unaltered. The 
shade can be opened or closed by actuating a rod through a push-pull feedthrough 
located on the chamber door. 
A 1/4-inch thick Corning 7940 fused silica window, 2-1/2 inches in diameter, is 
located on the chamber door and shadow-shielded from the radioisotope. A 
standard solar cell is located behind the window to monitor the intensity of the 
illumination entering the chamber and to provide a method to determine if  the 
transmission of the large window is changing. Also located on the chamber is the 
LN reservoir for the -50°C sample block. Feedlines extend from the dewar to 
the LN heat sink located in the chamber. The L N  level is maintained by auto- 
matic filling from a large supply dewar. 
2 
2 2 
In early chamber evaluation tests, it was determined that reflections from the 
chamber wall distorted the uniformity of the illumination. To minimize the brems- 
strahlung production from the electrons striking the stainless steel walls, a sand- 
blasted, black-anodized, cylindrical liner of aluminum was installed in the chamber 
to circumvent characteristics. Aluminum was selected because of i ts  reduced 
bremsstrahlung production. A thickness of 0.025 inch was specified to stop the 
most energetic electron in the yttrium decay spectrum. The uniformity of 
illumination was improved to within *l% of i ts  value as measured outside the 
chamber. 
3.2 VACUUM SYSTEM 
The vacuum system is located directly beneath the irradiation chamber and con- 
nected to it through a six-inch opening. A Varian 140-liter/second ion pump 
provides primary pumping with a normal operating pressure of 10 
lower. The ion pump was selected because of i ts  long-term operating reliability 
and inherent cleanliness. This pumping method eliminates the possible presence 
of contaminants usually associated with oil diffusion pumps. Any possible glow 
-6 torr  or 
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discharge in the chamber due to the pump has bYeen eliminated by proper system 
design and through the use of a neutral grid placed at the throat of the pump., 
Roughing is provided by two adsorption pumps and an aspirator. In initially 
pumping down, the aspirator is connected to a cylinder of high-pressure dry 
nitrogen gas and a vacuum of one-tenth atmosphere obtained. The aspirator is 
then turned off and the adsorption pumps a re  used. A thermocouple pressure 
gauge is used during pump-down, and the gauge associated with the ionization 
pump power supply is used during the long-term test. 
The vacuum system is fabricated from stainless steel tubing and utilized metal- 
to-metal seals. The resulting vacuum system has an outgassing rate of the inner 
walls of less than 2 x 
a standard electronic rack, 38-in high, with the irradiation chamber mounted 
just above the top surface of the rack as shown in Figure 3-1. The electronics 
equipment to operate the vacuum system is contained in another rack which is 
located a safe distance from the irradiation chamber. 
2 torr  l/sec/cm . The vacuum system is contained in 
The nature of the residual gases in the irradiation chamber/vacuum system prior 
to insertion of the radioisotope was measured using a Granville-Phillips Model 
750 residual gas analyzer. This analyzer is a quadrupole type, discriminating 
by the mass of an ionized particle. The unit consists of a heated filament ion 
source, the quadrupole mass filter, and a Faraday cap ion detector. Data from a 
scan to 45 atomic mass units (AMU) are  presented in  Figure 3-3; beyond 45 AMU 
nothing was detected. The standard gases and water vapor a re  identified; however, 
traces of other gases were detected but not identified. In general, t b  cleanliness 
of the vacuum system and chamber appears excellent. 
3.3 ILLUMINATION SYSTEM 
Two illumination systems are  being used for this program. One is a high-quality 
solar simulator and the other a general-purpose quartz-iodide illuminator. The 
Spectrolab X-25 Mark I1 solar simulator with close spectral filtering to match 
air mass zero solar characteristics is used for all electrical performance 
measurements. This optical system provides up to 1.3 solar constants intensity 
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with good uniformity (&5% as measured by lxl cm detector) over the 13-in-dia 
beam at the cell location. Philco-Ford has recently received the simulator, has 
evaluated it, and is maintaining close communication with Spectrolab to assure 
adequate, long-term performance and maintenance. 
When cell measurements are not being made, the cells are loaded near the maximum 
power point and will be illuminated at one-sun equivalent intensity with the quartz- 
iodide source. This source consists of a Colortran 1000-W lamp with a parabolic 
reflector. With the selected approach to illumination, the solar simulator will 
not be subjected to long-term operation. A s  maintenance and/or repair problems 
occur with the Spectrolab X-25 solar simulator, corrections can be made without 
affecting the environmental exposure. The quartz-iodide system has proved in 
other experimental programs to have long-term stability and reliability at a 
minimum cost. 
Calibration and standardization of the solar simulator a re  required for the cor- 
relation of I-V data over the long duration of the test. To facilitate standardi- 
zation, a fixture has been designed and fabricated which incorporates solar cells 
to measure the primary characteristics of the light beam. The intensity, uniform- 
ity, and spectral content of the simulator beam are checked before every data 
cycle. A drawing showing the location of the various cells in relation to the 
illumination zone is presented in Figure 3-4. Five cells are used for uniformity 
measurements; one is located at the center of the beam and four are located at 
90' intervals around the periphery of the beam. Located on the horizontal center- 
line right of center is a fixture to accept a sealed standard cell. Philco-Ford 
Standard Cell Number 2 is usually located in this position; however, Standard 
Cell Numbers 170, 185, and 1090 are periodically measured at this location as 
a means of cross-checking. 
The spectral monitor group of cells is located on the horizontal centerline left of 
center. Five 1 x 2-cm cells are located on a water-cooled baseplate with an 
optical filter positioned over each cell. One of the filters is clear, fused silica, 
while the others are  interference filters transmitting only a discrete portion of 
the incident illumination. Two additional Corning filters (7-69 and 1-57) are 
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available to monitor the red and blue portions of the illumination. The temperature 
control of all cells is provided by circulating constant temperature water through 
the baseplate of the cells. The leads for the cells are routed to the data acqui- 
sition console. 
- , - - -  -.. 1 6 no 
T: 
1 
Figure 3-4 X-25 Standardization Fixture 
3 . 4  RADIATION FACILITY 
The Philco-Ford Radiation Facility has been established to provide a location 
where advanced research involving the use of radioisotopes can be safely con- 
ducted and where all radioactive sources can be safely stored. The Radiation 
Facility contains the irradiation chamber with the vacuum system and the illumi- 
nation systems. A l l  ancillary electronic equipment used for performance mea- 
surements and environmental control is located in an adjacent room. The princi- 
pal items of equipment in the Radiation Facility are arranged as shown in Figure 
3-5, Lead shielding surrounds the cylindrical portion of the test chamber to 
reduce the dose rate at any position one foot from the chamber walls to less than 
18 mr/hr. Since the dose rate one foot from the front window is approximately 
PHILCQ e 
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50 mr/hr, a personnel barr ier  has been provided to prevent unwarranted walking 
past the window. Lead sheets line the walls of the Radiation Facility adjacent to 
the exposure chambers to reduce the radiation level outside the facility to less 
than 0.2 mr/hr. 
IRRADIATION FACILITY 
SOLAR SIMULATOR 
IRRADIATION 
CHAMBERS u - U 
SIMULATOR 
CALIBRATION 
MEASUREMENT 
INSTRUMENTS 
&TEMP CONTROL 
Figure 3-5 Philco-Ford Radiation Facility 
The solar simulator is positioned on a platform attached with linear bearings to 
cylindrical rails accurately positioned in the floor. When data a re  to be taken, 
the solar simulator is aligned with the calibration panel and standardized, then 
immediately repositioned in front of the chamber window for data acquisition. 
The control electronics, vacuum system power supply, and data acquisition system 
are  located in the room adjacent to the Radiation Facility. A l l  wires  pass through 
the wall behind the chamber allowing test personnel to perform all measurements 
in a radiation-free area. 
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3.5 TEMPERATURE CONTROL SYSTEM 
Each cell mounting plate is combined with a heater and thermal resistance block. 
The thermal resistance block was designed such that, under one sun illumination, 
the desired sample temperature will be maintained with a minimum of additional 
heat from the heater. The assembly is mounted to a heat sink, cooled by water 
for the 20", 50", and 80°C blocks, and to a heat sink cooled by LN2 for the -50°C 
block. The heaters being used are cartridge types, 200 watts, 3/8 inch in diameter, 
and are inserted in the center of each sample block. 
Two thermocouples are located on each sample block and another thermocouple on 
the surface of each solar cell plate. One of the thermocouples from each block is 
connected to a temperature controller and the other two continuously record on a 
12-point strip-chart recorder. A potentiometer was used to assure that the 
temperatures indicated on both the controller and recorder were accurate. Since 
the controllers are of the on-off relay type, a Variac is located in each heater 
circuit and adjusted to the minimum voltage while maintaining positive control. 
The temperature control system is shown in Figure 3-6. This photograph also 
shows the LN2 supply dewar with the automatic LNZ level controller located on 
the side of the main instrumentation rack. 
3.6 DATA ACQUISITION SYSTEM 
The solar cell performance is determined by measuring the I-V curve of each cell 
using the data acquisition system. This system consists of: (1) four-wire cell 
leads, (2) automatic cell switching system, (3) Spectrolab D-550 electronic load 
unit, (4) Moseley x-y recorder, and (5) precision voltmeter and ammeter. The 
data acquisition system is shown in Figure 3-7. This apparatus, coupled with 
high-quality solar simulation and well-defined standardization procedures, results 
in  data with an optimum degree of accuracy and repeatability. 
A four-wire connection to each solar cell is required to obtain accurate I-V data 
particularly near the maximum power point. Two leads are used for current 
measurement and two for voltage measurement. Since esentially no current is 
PHILCO 
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Figure 3-6 Temperature COII~IWI System 
3-12 
70.05.292-4 
Figure 3-9 Data Acquisition System 
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flowing in  the voltage leads, the measured voltage is not reduced by a voltage 
drop due to lead resistance. One of the four wires for each solar cell has been 
connected to a common vacuum feedthrough and is one of the current measuring 
leads. A block diagram of the test apparatus including the data acquisition system 
is shown in Figure 3-8. 
The switching unit automatically switches the leads from each cell to the electronic 
load unit. The switching uses three decks of a primary stepping switch. The 
output of these decks is switched through a secondary stepping switch to provide a 
single set of voltage and current measurement leads. The change in polarity 
between the different cell types was handled by routing all the N-on-P cells to 
the same decks of the primary switch and reversing the input leads including the 
common lead to the secondary switch. A control network is provided which in- 
cludes indicator lights for cell identification and switch advancement. Gold- 
plated contacts have been used throughout the switching circuit so that the resist- 
ance from terminal to terminal is less than 0.05 ohms. 
The output of the switching unit is connected to the electronic load unit, a Spectro- 
lab D-550. The I-V characteristic curve of a solar cell is the relationship between 
the current passing through the cell and the cell terminal voltage. Hence, when 
testing solar cells, current is fed through the cell by the D-550. The current 
level can be set  to obtain either no net current flow, allowing open-circuit voltage 
measured at  the unit output, or the current level set to obtain a zero voltage 
across the cell, allowing the short-circuit current to be measured. The unit can 
also be set to automatically sweep the current and directly plot an I-V curve on 
an x-y recorder connected to the load unit. 
The x-y recorder and the precision voltmeter and ammeter are connected to the 
output of the electronic load unit. A s  each cell is to be measured, the short- 
circuit current and open-circuit voltages are read and recorded. The coordi- 
nates of the graph paper on the x-y recorder a re  checked against the instrument 
readings, adjustments made if required, and an I-V curve automatically drawn. 
The resulting I-V curve reflects complete and accurate (A%) cell performance 
measurements. 
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3.7 DATA ACQUISITION PROCEDURE 
The degradation characteristics of the cells are being determined by sequentially 
acquiring accurate I-V measurements. The cells were measured as received under 
one-sun illumination at 28°C. Three cells of each group were also measured at 
20", 30", and 40°C to determine the temperature coefficients of their I-V character- 
istics. The cells were again measured after installation in the irradiation chamber 
and before the isotope was installed. The chamber measurements were made at 
vacuum and temperature test conditions and are therefore used as the baseline 
measurements. Prior to test initiation and three times during the exposure, 
measurements of the reverse illuminated characteristics and dark forward/reverse 
characteristics will be made, Measurements a re  being made in accordance with 
the schedule on Table 3-1. 
Extra cell samples are being used as test controls to determine the effect, if any, 
of maintaining the solar cells at 80°C for six months. These cells will be measured 
periodically and stored in the vacuum oven for the remainder of the time. Those 
samples to be used for the 1-MeV electron irradiation are being stored at room 
temperature in vacuum until the tests are performed. 
Provisions have been made for certain emergency situations. An auxiliary emer- 
gency power generator is connected to the line supplying power to all experimental 
equipment. If the main power fails, the generator will  automatically start  and 
sustain the load, A spare D-550 load unit and x-y recorder are available in the 
event of equipment failure. Spare parts a re  available for other units including a 
spare lamp for the solar simulator. An "Abort Sequence" has been written and is 
posted near the irradiation equipment, This describes the procedures to be used 
in the event of any type of equipment failure. The principal objectives of these 
procedures are  to prevent the -50°C samples from warming up for extended 
periods and to maintain a vacuum at all times during the irradiation. 
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Data 
Sequence 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
TABLE 3-1 
DATA ACQUISITTON SCHEDULE 
1-MeV 
Equivalent 
Fluence 
2 3 x e/cm 
8 x 10l1 
12 
12 
1.25 x 10 
2 x 10 
3 x 10l2 
4 x  1oI2 
7 x 10l2 
12 6 x 10 
12 
13 
13 
13 
13 
13 
13 
9 x 10 
1.1 x 10 
1.4 x 1 0  
1.7 x 10 
2.1 x 10 
2 . 4 ~  10 
2.8 x 10 
Data 
Sequence 
16 
17* 
18 
19 
20 
21 
22 
23* 
24 
25 
26 
27 
28 
29 
30* 
1-MeV 
Equivalent 
Fluence 
2 3.5 x e/cm 
13 
13 
13 
13 
13 
13 
13 
13 
4.2 x 10 
4.9 x 10 
5.6 x 10 
6.3 x 10 
7.0 x 10 
7.7 x 10 
8 . 4 ~  10
9.1 x 10 
1.05 x 10 
1.19 x 10 
14 
14 
1.33 
1.48 
14 
14 
1.62 x 10 
1.80 x 10 
* Forward/reverse, illuminated and dark measurements made at 
these fluence levels as well as before irradiation. 
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SECTION 4 
PROGRAM PLAN 
4.1 PROGRAM SCHEDULE AND STATUS 
The six-month exposure run was initiated on 19 May 1970. In general, the 
experimental equipment is functioning as expected. Several periods of difficulty 
have been encountered with the LN2 system used to cool the heat sink for the -5OOC 
sample block. These difficulties have manifested themselves in the form of a 
tendency for the sample block temperature to rise. Three short periods of mod- 
erate temperature rise have occurred thus far, The difficulties have been attri- 
buted to two primary causes: ice in the LN2 dewar due to humid air being drawn 
into the dewar and faulty LN2 solenoid valves. The system has been appropriately 
modified (without interrupting the run) and appears to be operating satisfactorily. 
The quality of the initial cell data appears to be excellent. 
The projected program schedule is presented in Figure 4-1. The exposure run is 
expected to continue through 19 November 1970, completing the six-month irrad- 
iation. A s  presently defined, the program does not call for any observation of 
post-irradiation annealing characteristics. The 1-MeV electron irradiation is 
currently scheduled for late September with a five-to six-week period of sample 
and fixture preparation beginning in mid-August. A concentrated data analysis 
effort is planned for the month of November, coinciding with the last month of 
exposure. The draft of the final report will  be prepared and submitted in 
December, 
During soldering and installation of the cells in the chamber, a number of cells 
failed because of contact loosening. 
obtained from the same batches as  the originals where possible. An inventory 
of the cells used in the program is presented in Table 4-1. 
the cells by purchase order (P. 0. ) number, vendor, and code letter. 
Replacements for the failed cells were 
The table identifies 
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TABLE 4-1 
CELL INVENTORY 
Parameters 
P. 0. Number 
Vendor" 
Code Letter 
Quantity Purchased 
Supplemental Cel ls  Obtained 
Total Obtained 
Number in Chamber 
Number Damaged 
2 O"C/Vacuum Storage 
for 1-MeV Exposure 
8 0 "C/Vacuum Storage 
Spares, 20°C/Vacuum Storagc 
I 
* Vendors: 
H - Heliotek 
C - Centralab 
0 - Old Hoffman 
- 
01 
H 
E 
30 
0 
30 
20 
1 
4 
4 
1 
- 
__ 
02 
H 
F 
20 
0 
20 
12 
0 
4 
.4  
0 
__ 
_I 
03 
H 
A 
30 
0 
30 
20 
0 
4 
4 
2 
~ 
04 
H 
D 
12 
0 
12 
4 
0 
4 
4 
0 
- 
- 
05 
H 
J 
10 
0 
10 
8 
0 
2 
0 
0 
I_ 
0 1  
C 
G 
20 
3 
23 
12 
4 
4 
3 
0 
_ _  
02 
C 
H 
20 
4 
24 
12 
8 
4 
0 
0 
- 
03 
C 
B 
20 
4 
24 
12 
8 
4 
0 
0 
__ 
04 
C 
C 
20 
4 
24 
1 2  
3 
4 
4 
1 
__ 
05 
C 
I 
20 
0 
20 
12 
0 
- 
0 
K 
- 
8 
5 
4 
0 
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4.2 1-MeV ELECTRON IRRADIATION 
The 1-MeV electron irradiation will be performed in September. Cells for this 
irradiation will be evaluated prior to the irradiation in order to determine whether 
any shelf life degradation has occurred since their receipt. The cells will be ir- 
radiated in air to a fluence level approximating that expected for the chamber 
samples after six-months exposure. After irradiation, the cells will  be immedi- 
ately placed in a container cooled with dry ice and returned to Philco-Ford for 
post-irradiation data acquisition. Cel l  characteristics will be obtained at room 
temperature. Repeated room temperature measurements will be made to deter- 
mine the annealing characteristics of the cells. 
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SECTION 5 
CONCLUSIONS 
The objective of this program is to provide degradation data from which pertinent 
conclusions may be drawn regarding the relative performance of different types 
of lithium cells. Since this report covers program progress up to the time of 
initiation of the experimental run, no such data are yet available. 
It is possible, however, to draw certain conclusions regarding the design and 
operation of the experimental equipment. The overall concept employed in laying 
out the experiment appears sound. All experimental equipment is functioning as 
expected. It appears that data of excellent quality will be obtained. 
PHILCO e 
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SECTION 6 
RECOMMENDATIONS 
The following recommendations are offered as a result of the work thus far per- 
formed. With regard to this particular contract: 
a. Post-irradiation annealing observations should be made for the chamber 
cells. 
b. The cell manufacturers should be involved in the data analysis effort. 
c. The analysis effort should be expanded to include a more thorough 
analysis of lumped parameter equivalent circuit degradation charac- 
teristics and of dark and illuminated diode characteristics. 
With regard to future programs of a similar nature: 
a. The selection of lithium cell types to be included should be performed 
by a committee of knowledgeable workers in the field. 
b. Larger sample sizes should be employed, based upon a rigorous statis- 
tical analysis. 
c. Latest lithium cells should be included (such as the &hour, 325°C 
cells). 
de High-efficiency P-on-N and N-on-P cells should be included. 
e. The effect of thermal cycling on lithium cells during irradiation should 
be investigated. 
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f. A lithium cell design specification should be prepared and used for all 
experimental cell procurements. 
g. More emphasis should be placed upon obtaining adequate raw material 
data. The cell suppliers should be funded appropriately to study r a w  
material procurement and to thoroughly document all manufacturing 
processes. 
he The cell manufacturers should be intimately involved in  all data analysis 
efforts. 
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SECTION 7 
NEW TECHNOLOGY 
No reportable items of new technology have been developed as a result of per- 
forming this contract. 
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